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Abstract
This paper describes some concepts for integrating mixed ionic electronic conducting, MIEC, membranes in natural gas (NG) 
fuelled power production and also highlights developments and challenges in material testing and manufacture. The plant 
efficiencies with carbon capture using MIEC membrane based oxyfuel combustion turn out to be quite promising: < 7% points 
for conventional NG based power plants and < 3% for SOFC plants. The material that presently is most promising is 
Sr0.97Ce0.03Fe0.8Co0.2O3-δ. It shows no creep and no detrimental effect under reducing and CO2 containing atmospheres over a 
1500 hours’ period.
© 2010 Elsevier Ltd. All rights reserved
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Introduction
Oxyfuel combustion is a very attractive process for carbon capture since combustion in pure oxygen yields a 
stream of predominantly CO2 and steam that can be easily separated by condensation of the water. Conventionally 
cryogenic air separation units provide the oxygen. At present, developments are ongoing to use mixed ionic 
electronic conducting (MIEC) membranes to replace the cryogenic plant, resulting in lower energy consumption. 
Like other oxyfuel systems MIEC membranes need to keep nitrogen and carbon dioxide separated in order to reach 
a high carbon capture ratio. Currently, membrane  systems to produce pure oxygen are being developed For CO2
capture with a low efficiency penalty, MIEC membranes should be integrated into the combustion system. This, 
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however, increases the demands on the membrane materials. This paper describes some concepts for integrating 
MIEC membranes in natural gas (NG) fuelled power production and also highlights developments and challenges in 
material testing and manufacture. A more elaborate version of this paper can be found in [1].
Systems
Figure 1 AZEP system with full carbon capture
Figure 1 shows a block diagram of the AZEP system in its most basic form [2-4], with full carbon capture. The 
central feature of the system is the Mixed Conducting Membrane (MCM) reactor, containing the membrane unit and 
combustion chamber. On the nitrogen side air is compressed before flowing through the membrane unit. The 
depleted air from the membrane unit flows through a turbine and steam cycle. Permeation of oxygen in the 
membrane unit is facilitated by using a CO2-H2O recycle sweep stream. This stream transports the permeated 
oxygen to the combustion chamber. The part of the exhaust gases that is not recycled are used for power production 
in a steam cycle before water removal and CO2 compression, transport and storage. The most prominent material 
issue is that the MIEC materials have to withstand carbonate formation at the permeate side.
Figure 2 Set up system with auto thermal reformer membrane reactor
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Another option is a system with an auto thermal reformer membrane reactor (ATR-MR) with oxygen selective 
membranes serving to create a nitrogen free syngas. The syngas is further processed in a separation-enhanced water 
gas shift reactor, where either hydrogen selective membranes or CO2-selective sorbents are used to create separate 
H2 and CO2 rich streams. The hydrogen rich stream is combusted in a combined cycle power plant. This variant is 
equipped with a gas turbine combustion chamber before the air turbine and a CO2-H2O turbine before the CO2-H2O 
steam cycle as shown in Figure 2. The latter variant is often proposed in literature as an important improvement 
compared to the full capture variant as it addresses two important shortcomings of the full capture variant: the 
reduced air turbine inlet temperature, which is limited by the maximum heat exchanger temperature; and the fact 
that the heat in the ongoing CO2-H2O stream (prior to CO2 compression) is only used in a CO2-H2O (single cycle) 
steam cycle.
Solid oxide fuel cells (SOFCs) have been touted by many as a promising high-efficiency power source, 
especially when combined with a gas turbine [5]. A drawback, however, is that currently anode gases can not be 
fully oxidized to avoid oxidizing conditions (locally) in the SOFC. MIEC units can be used to post oxidize the anode 
off-gases while maintaining the separation between nitrogen containing oxidants and carbon containing fuels and 
exhaust gases Figure 3 shows a general set-up of such a system. Clearly the MIEC materials here operate under 
reducing conditions. 
Figure 3 SOFC-GT system (heat exchangers omitted)
Two AZEP variants, one with full carbon capture as shown in Figure 1, and the one depicted in Figure 2, are 
compared. Moreover the two cases for SOFC with and without carbon capture are compared. In 
Table 1 the energetic performance of the two gas fired systems with and without carbon capture and similarly for 
two SOFC systems, as calculated with AspenPlus, is shown. The capture penalties calculated are quite acceptable as 
compared to other options in the vast literature on this topic [2-4]. The results in Error! Reference source not 
found. assume a maximum temperature in the gas-gas heat exchangers of 1300°C, which is very high for 
conventional heat exchangers. This can be remedied by lowering this temperature and preheat the gas stream using a 
combustor. The result is a strong decrease in CCR, but a slight increase in efficiency (reduced CO2 compression 
effort).
The SOFC system has a very high efficiency without C O2 capture and the efficiency is only slightly reduced due 
to CO2 capture. The compression of the CO2 is the main contributor to carbon capture penalty, since in the SOFC-
MIEC combination the product is pure CO2. It must be noted however, that in an SOFC power is produced on a 
much smaller scale (approx. 1 MW) than in a thermal power plant. 
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Table 1 Calculated performance of the two NG fuelled systems compared with their 0% capture base cases
System description Electrical 
efficiency (%)
Carbon 
capture ratio (%)
System 
size (MWe)
Carbon 
capture penalty 
(%pt)
SGT5-4000F CC base case 57.1 0 380 --
AZEP 100% capture 50.4 100 267 6.7
ATR-MR-AZEP 53.9 90 542.8 3.2
SOFC-GT base case 70.9 0 1.0 --
SOFC-GT with MIEC 68.6 100 1.0 2.3
Materials
The best known class of materials that can transport ionic oxygen through the bulk is that of the perovskites, with 
the general formula ABO3,the A cations being Ba, La, Sr etc, and the B cations Co, Fe, Cr etc. It exhibits the largest 
oxygen fluxes, especially when the Co content is high, as in Ba0.5Sr0.5Co0.8Fe0.2O3-∀ (BSCF). A high oxygen flux  
lowers the number of m2 of membrane area needed, which improves the economics. A drawback of BSCF is that 
these compounds show severe creep (Figure 4). Moreover, under reducing conditions, as are present in (partial) 
oxidation reactions, these compositions are not stable, especially due to their high cobalt content. Increasing the iron 
content is a well known strategy, but also the use of the perovskite like A2BO4+δ is a route presently under 
investigation [6]. Furthermore the presence of CO2 excludes the use of barium. 
Figure 4 Stress-strain curves (ring on ring test) showing SCFC behaving as alumina (upper two curves): no creep. 
The lower curve is of high Co- content SCF 
Moreover, under reducing conditions, as are present in (partial) oxidation reactions, the metioned compositions 
are not stable, especially due to their high cobalt content. Increasing the iron content is a well known strategy, but 
also the use of the perovskite like A2BO4+δ is a route presently under investigation [6]. Furthermore the presence of 
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CO2 excludes the use of barium. For this reason the investigated compositions were Sr0.97Ce0.03Fe0.8Co0.2O3-δ (SCFC) 
and LaNi0.9Co0.1O4+∀  (LNC). The latter was discarded because the flux was more than a factor of two lower than for 
SCFC. A 1500 hours test is presented in Figure 5.
Figure 5 Long term test under reducing conditions (SOFC off-gas: CO:H2:CO2:H2O=73:148:148:294 ml/min)
The other aspect, stability towards carbonation, cannot fully be assessed by the flux measurement presented in 
Figure 5 since the measurements presented are carried out at atmospheric pressure whereas in practice partial 
CO2 pressures in excess of 10 bar are present. In the presence of substantial amounts of C O2 and H2 nothing serious 
is observed, though. Measurements under CO2/H2O sweep are currently being performed to fully prove the stability.
When all major materials issues are solved there is still one major hurdle to overcome: fabrication! In Table 2 an 
average ASU and a 1 GWth power plant are compared. It is clear that a huge membrane area is needed that can be 
accommodated in 580 modules [7] and necessitating the production and quality testing of 550000 tubes of 2550 mm 
length and 20 mm diameter!
Table 2 Comparison of a MIEC based average ASU and a MIEC based 1GWth power plant
Cryo ASU 1 GWth power plant 
Tonne per day 1000 9000 
Membrane area (m2) @ 5 ml/cm2·min 10000 90000 
Number of modules 64 580 
Conclusions
In conclusion one may say that from a systems point of view these systems are promising options for reducing 
the capture energy penalty NG fuelled power plants with CO2 capture. From a materials point of view, SCFC as a 
membrane material holds the promise to be applicable in these systems. SCFC is, on the time scale used, chemically 
stable under reducing conditions and in presence of a CO2 atmosphere. The detrimental effect of creep does not 
Oxygen flux versus time of Sr0.97Ce0,03Fe0,8Co0,2O3-x
Operator failure after 1430 h
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occur up to 900oC. Fabrication technology is the next hurdle to overcome in order to implement this technology on a 
many GW size power plant scale.
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